Lesions of the medial preoptic area (MPOA) result in the robust display of steroid-induced lordosis by otherwise unresponsive, immature guinea pigs. This study was designed to test the hypothesis that destruction of this region also hastens the onset of ovarian cyclicity, and to ascertain whether lesions of the septum produce effects on puberty similar to those observed following MPOA lesions. Juvenile (13-15 days old), ovariectomized or ovary-intact guinea pigs received bilateral electrolytic or sham lesions of the MPOA or septum. Bilateral lesions of the septum did not influence the display of lordosis or any aspect of estrous cyclicity. However, a higher percentage of guinea pigs with MPOA lesions than with sham lesions displayed progesterone-facilitated lordosis at 22, 29, and 39 days of age; by 49 days of age, the two groups responded in a similar, robust fashion. Females with MPOA lesions were significantly heavier and older than sham-lesioned or nonmanipulated females on the day of first vaginal opening. These data suggest that activity in the MPOA tonically inhibits the display of progesterone-facilitated lordosis through at least 39 days of age but does not suppress the onset of 'ovarian cyclicity in guinea pigs. Contrary to our hypothesis and in contrast to what has been observed in rats, signals originating in or passing through the MPOA may be required in order for estrous cyclicity to be initiated at the appropriate age. Furthermore, neither of these effects of MPOA lesions appears to be due to damaging efferent or afferent projections through the septum.
INTRODUCTION
In female rats and guinea pigs, the sequential ovarian release of estradiol and progesterone around the time of ovulation triggers a period of sexual receptivity as defined by the display of lordosis in response to the appropriate sensory stimulation. Removal of steroid hormones by ovariectomy eliminates lordosis; replacement with estradiol or subthreshold doses of estradiol followed by progesterone restores the behavior [1] [2] [3] [4] . Juvenile female guinea pigs, although extremely precocious, are remarkably hyporesponsive to the behavioral actions of ovarian steroid hormones. In contrast to findings in developing rats, which display steroid-facilitated lordosis during the first week of life [5, 6] , the onset of hormone-induced lordosis in guinea pigs has been reported to occur from 21 days to 7-9 wk of age [7] [8] [9] [10] [11] . This coincides roughly with first vaginal opening, which has been reported to occur between 24 and 50 days of age, and first ovulation following 4-8 days later [12, 13] ).
In this laboratory, ovariectomized (OVX) guinea pigs rarely display progesterone-facilitated lordosis at 20-22 days of age; it is not until 40-50 days of age that they routinely respond behaviorally to estradiol and progesterone in an adult-typical fashion [10, 11] . Mechanisms govAccepted October 30, 1996 . Received September 23, 1996 . 'Supported by NIH HD 28636. 2 Correspondence. FAX: (805) 893-4303; e-mail: olster@psych.ucsb.edu 731 erning juvenile females' behavioral hyporesponsiveness to estradiol and progesterone may include deficiencies in both estrogen receptors and estrogen-induced progestin receptors in key hypothalamic sites of steroid hormone action [11, [14] [15] [16] and the inability to respond to a putative noradrenergic component mediating the lordosis-promoting actions of steroid hormones in this species [10] . A number of studies also support the hypothesis that an overriding inhibitory system prevents juvenile guinea pigs from displaying steroid-induced lordosis. Pharmacological blockade of opiate receptors greatly enhances the display of progesterone-facilitated lordosis in juvenile [17] but not in adult guinea pigs [18] , suggesting that endogenous opiates tonically inhibit the display of sexual receptivity prior to puberty. Additionally, bilateral lesions of the medial preoptic area (MPOA) render OVX juvenile guinea pigs behaviorally responsive to estradiol and progesterone [19] , suggesting that activity originating in or traversing the MPOA tonically inhibits the display of steroid-induced lordosis in prepubertal animals.
The idea that MPOA activity is generally inhibitory to the expression of sexual receptivity in rodents has strong support obtained from experiments that have used electrolytic, radiofrequency, and excitotoxic lesions of the region, all of which facilitate the display of steroid-induced lordosis [20] [21] [22] [23] , and electrical stimulation of the MPOA, which inhibits the behavior [24, 25] . Interestingly, lesions of the lateral septum (LS) or anterior roof deafferentation of the MPOA mimic the effects of MPOA lesions on reproductive behavior in adult rats [26, 27] . These manipulations presumably disrupt the activity of neurons originating in the septum and projecting through the MPOA, activity that is inhibitory to the display of reproductive behavior. In hamsters, electrical stimulation of the septum suppresses steroid-induced lordosis [28] .
The MPOA and septum may also be involved in the pubertal onset of ovarian cyclicity. Vaginal opening and first ovulation in rats are accelerated following lesions of the MPOA and/or anterior hypothalamus [29] [30] [31] [32] , suggesting that activity in these regions acts as a brake on the pubertal activation of the hypothalamic-pituitary-ovarian axis. In contrast, others have found that excitotoxic lesions of the preoptic area (POA) or medial septum (which presumably destroy neuronal cell bodies in the affected regions) actually delay vaginal opening and the onset of ovarian cyclicity in rats [33, 34] . This issue has not been explored in guinea pigs.
The present experiments were designed to extend our previous work on the effects of MPOA lesions on sexual maturation in female guinea pigs. Specifically, our experiments were designed to 1) describe the developmental profile of the display of progesterone-facilitated lordosis in female guinea pigs bearing MPOA lesions; 2) test the hypothesis that bilateral MPOA lesions accelerate the onset of estrous cyclicity in guinea pigs (as is the case in developing rats); and 3) ascertain whether lesions of the LS mim-ic the effects of MPOA lesions, providing support for the hypothesis that the inhibitory influence over the development of sexual receptivity (and possibly estrous cyclicity) apparently exerted by neurons in the MPOA may be due to neurons originating in or traversing the LS.
MATERIALS AND METHODS

Animals
Female Hartley guinea pigs (Cavia porcellus) were purchased from Charles River Laboratories (Wilmington, MA) and were received at the laboratory at 8-9 days of age. They were housed in pairs, in plastic tubs, with food (Purina Guinea Pig Chow; Ralston-Purina, St. Louis, MO) and water available ad libitum. The photoperiod was 12L:12D with lights-on from 0700 to 1900 h PST. Room temperature was maintained at [20] [21] [22] 0 C. The guinea pigs used in the behavioral experiments were OVX at 10-11 days of age following anesthetization with Metofane (methoxyflurane; Pittman-Moore, Washington Crossing, NJ) and, if necessary, Innovar-vet (0.4 mg/ml fentanyl + 20 mg/ml droperidol, Pittman-Moore; 0.02 ml/animal i.m.). The animals used in the estrous cyclicity experiments remained ovary intact. The investigation was conducted in accordance with the Guiding Principles for the Care and Use of Research Animals promulgated by the Society for the Study of Reproduction.
Experiment 1. Effects of MPOA Lesions on the Onset of Steroid-Induced Sexual Receptivity and Estrous Cyclicity
At 14-15 days of age, 27 OVX and 15 ovary-intact guinea pigs received bilateral sham or electrolytic lesions aimed at the MPOA after anesthesia induced by a combination of chloral hydrate (72 mg/kg i.p.) and sodium pentobarbital (15 mg/kg i.p.; both drugs purchased from Sigma Chemical Co., St. Louis, MO), supplemented with Metofane. The stereotaxic coordinates were those used previously [19] (with the animal's head in the flat-skull position): anterior/posterior, bregma; medial/lateral, midline + 0.8 mm; dorsal/ventral, dura -9.0 mm. An electrode, fashioned from a 00-size insect pin insulated with enamel except for a 0.5-mm exposed tip, was lowered to the target coordinates. For the lesion groups, 1.5-mAmp anodal current was passed for 10 sec through the electrode. Shamlesioned females had the electrode lowered to the target coordinates, but no current was passed. Nine nonmanipulated, ovary-intact females served as an additional control group for the assessment of the normal onset of ovarian cyclicity in Hartley guinea pigs in this laboratory.
Five or six days after stereotaxic surgery, the OVX females were given a single injection of estradiol benzoate (EB; 10 pxg s.c. in sesame oil) followed 40 h later by a single injection of progesterone (0.5 mg s.c. in propylene glycol; both hormones purchased from Sigma). These doses reliably elicit lordosis in OVX adult, but not juvenile, guinea pigs [10, 11] and produce circulating hormone concentrations in OVX adults that approximate or exceed peak preovulatory estradiol levels and match luteal-phase progesterone concentrations in cycling guinea pigs [9, [35] [36] [37] . Prior to the progesterone injection and at hourly intervals thereafter, the guinea pigs were tested for the display of lordosis by manual palpation in their home cages, as described previously [38] . The individual performing the behavioral testing was blind to the treatment groups. A positive response was defined as the display of lordosis for a minimum of 2 sec on at least two consecutive tests. Testing continued until all females had stopped displaying lordosis (i.e., 2 h after the last female ceased showing receptive behavior). The data collected were the percentage of females displaying a positive lordosis response and, in positive responders, the latency to lordosis (relative to the progesterone injection), maximum lordosis duration (the maximum amount of time an animal held the lordosis posture), and heat duration. The hormone replacement and behavioral testing were repeated in all females at 29 and 39 days of age and in a subset of animals at 49 days of age. All animals were weighed on the days of behavioral testing.
After the last behavioral test, the animals were killed by an overdose of chloral hydrate and sodium pentobarbital (25 mg/kg and 130 mg/kg, respectively, i.p.), and transcardial perfusion with 0.9% saline and 10% buffered formalin. Brains were sectioned at 40 pim in the coronal plane and Nissl stained with cresyl violet for histological verification of lesion placement. The histology was examined without knowledge of the behavioral outcomes, and data from animals whose lesions or sham lesions were misplaced or otherwise incorrect were discarded from the subsequent statistical analysis.
The ovary-intact females were checked daily beginning at 11 days of age for vaginal opening and subsequent vaginal closing. On the day of vaginal closing, they were killed by drug overdose and perfusion, and their brain tissue was processed as described above. In addition, both ovaries from each female were sectioned at 12 lim, and every 10th section was stained with hematoxylin and eosin. The corpora lutea from both ovaries of each guinea pig were counted as a measure of the number of ova ovulated.
The percentages of females displaying lordosis in MPOA-lesioned and sham-lesioned groups at the four ages tested were compared by Fisher's Exact Probability Test. Latency to lordosis, maximum lordosis duration, and heat duration in the two groups were compared by Student's ttest at 49 days of age only, because the sham-lesioned group had too few responders at the earlier time points. Body weights were compared by two-way ANOVA to document main effects of age and experimental treatment (i.e., lesion vs. sham lesion) and the interactions between these two factors. The age and weight at vaginal opening, first ovulation, and number of corpora lutea/guinea pig were compared among lesioned, sham-lesioned, and unmanipulated, control females by ANOVA, followed by the Fisher's least significant difference test. In all cases p 0.05 was the criterion for statistical significance.
Experiment 2. Effects of LS Lesions on the Onset of Steroid-induced Sexual Receptivity and Estrous Cyclicity
Females were OVX or left ovary intact as described above. At 13-15 days of age, 34 OVX and 16 ovary-intact females were anesthetized and given bilateral lesions or sham lesions (as described above) aimed at the LS. The stereotaxic coordinates, determined empirically in this laboratory, were as follows (with the head in the flat-skull position): anterior/posterior, bregma; medial/lateral, midline ± 0.5 mm; dorsal/ventral, 4.6-5.1 mm below the dura. A group of nonmanipulated females served as additional controls for the onset of ovarian cyclicity.
The OVX females received the same hormone regime as described for experiment 1 and were tested for the display of lordosis at 22 days of age. The ovary-intact females were checked daily beginning at 13 days of age through two [62] , reproduced with permission of S. Karger AG, Basel, Switzerland; nomenclature from [40] .
cycles of vaginal opening and closing. On the days when the vaginae were open, smears were collected and stained with 0.5% giemsa (Sigma) to determine the stage of the estrous cycle. Smears were scored by an individual blind to the treatment groups. The day prior to the massive infiltration of postovulatory leukocytes was considered the day of ovulation [39] . Data from one animal with a grossly aberrant cycle (persistent vaginal opening for 41 days) were discarded. In two females, the day of ovulation could not be determined precisely and those animals' data were dropped from that part of the analysis.
After the behavioral and cyclicity data collection was completed, all animals were overdosed and transcardially perfused, and brain tissue was analyzed for verification of lesion placement as described above. The percentages of hormone-treated, OVX, LS-lesioned, and sham-lesioned females displaying positive lordosis responses were compared by Fisher's Exact Probability Test. Heat duration, latency to lordosis, and maximum lordosis duration were compared by Student's t-test. Age and weight at vaginal opening and first ovulation, and duration of the first estrous cycle (days between the first and second ovulations), were compared among the three groups of ovary-intact females (LS-lesioned, sham-lesioned and nonmanipulated) by ANOVA. In all cases p -0.05 was the criterion for statistical significance.
RESULTS
Experiment 1. Effects of MPOA Lesions on the Onset of Steroid-Induced Sexual Receptivity and Estrous Cyclicity
Lesions aimed at the MPOA were centered in that region and also impinged on the anterior commissure, preventricular portion of the periventricular nucleus, medial preoptic nucleus, and anterior hypothalamic nucleus (Fig. 1 , composite diagrams showing maximum extent of lesions in all OVX animals; nomenclature from [40] ). A few animals also sustained slight damage to the fornix, suprachiasmatic nuclei, and optic chiasm. Six females' data were discarded from the analysis since lesions in these guinea pigs damaged the MPOA unilaterally (n = 4) or were misplaced, completely sparing the MPOA (n = 2).
None of the females in the MPOA-lesioned or shamlesioned groups displayed lordosis 40 h following injection of EB alone. However, bilateral lesions of the MPOA resulted in a significant enhancement of progesterone-facilitated lordosis at 22, 29, and 39 days of age (Fig. 2) . By 49 days of age, however, there was no significant difference between MPOA-lesioned and sham-lesioned groups in the percentage of females displaying lordosis or in the latency to display of lordosis, maximum lordosis duration, or heat duration (Table 1) ; all animals responded robustly at this time point. Finally, while there was a significant main effect of age on body weight (i.e., animals continued to gain weight throughout the course of the study, Fig. 3) , there was no significant influence of lesion status (i.e., lesion vs. Fig. 4) . The age and weight on the day of first vaginal opening did not differ in sham-lesioned and nonmanipulated females (age: 30 ± 2 days and 27 + 2 days, respectively; weight: 280 ± 7 g and 284 + 11 g, respectively), but the guinea pigs in the MPOA-lesioned group were significantly older (36 + 2 days) and heavier (314 ± 11 g) on the day of first vaginal opening than the shamlesioned and nonmanipulated females. Although the MPOA-lesioned females showed a significant delay in vaginal opening as compared to the other two groups, the number of corpora lutea in the ovaries on the day of vaginal closing did not differ significantly among the three treat- 
Experiment 2. Effects of LS Lesions on the Onset of Steroid-Induced Sexual Receptivity and Estrous Cyclicity
Lesions aimed at the LS caused extensive damage in the dorsolateral septal region and also impinged on the medial septum and corpus callosum (Fig. 5) . Data from guinea pigs in which lesions or sham lesions missed the LS entirely (n = 4) or were unilateral (n = 2), or from animals with excessive damage due to sham lesions (n = 2), were dropped from the analysis.
When tested at 22 days of age, none of the females displayed lordosis after EB treatment alone. Whereas a higher percentage of LS-lesioned females (11 of 15 = 73%) than sham-lesioned females (6 of 12 = 50%) displayed progesterone-facilitated lordosis, this difference was not statistically significant. There were also no significant differences in the latency to display lordosis, maximum lordosis duration, or heat duration (Table 2) . Finally, on the day of testing for sexual behavior, body weights in the LS-lesioned group were significantly less than those observed in the sham-lesioned animals (221 + 5 g and 240 ± 6 g, respectively; t( 25 ) = 2.2, p -0.05).
The data for age and weight at first vaginal opening and first ovulation are shown in Table 3 . These measures did not differ significantly among LS-lesioned, sham-lesioned, and nonmanipulated females. Cycle length also did not differ among the three groups, with all females showing a second vaginal opening and ovulation at 16-17 days after the first.
DISCUSSION
These data confirm and extend our earlier report that lesions of the MPOA result in the display of lordosis by juvenile guinea pigs otherwise hyporesponsive to the behavioral actions of estradiol and progesterone [19] . Significantly higher percentages of MPOA-lesioned than shamlesioned animals displayed lordosis at 22, 29, and 39 days of age. By 49 days of age, nearly all lesioned and shamlesioned animals were responding to ovarian steroid hormones, as expected, since OVX Hartley guinea pigs in this laboratory display adult-typical responses to estradiol and 
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progesterone by 40 or 50 days of age [10, 11] . We found no evidence of a stronger response by the MPOA-as compared to sham-lesioned females at 49 days of age, in contrast to an earlier report of a more robust display of lordosis in MPOA-lesioned as compared to sham-lesioned adult guinea pigs [41] . Those data are not directly comparable to our results, as the animals in that experiment received lesions during adulthood, were tested with different doses of steroid hormones, and were evaluated with a different criterion for a positive lordosis response than that used in the present study.
These results support the hypothesis that activity originating in or traversing the MPOA tonically inhibits the display of lordosis through at least 39 days of age in female guinea pigs. One may question the possibility that the deposition of metallic ions by passage of anodal current through a stainless steel electrode might have stimulated MPOA activity (the irritative hypothesis [42] ) to augment steroid-induced lordosis in juvenile guinea pigs. We feel this is not the case, as many experiments, using electrolytic, radiofrequency, or excitotoxic lesions [19] [20] [21] [22] [23] 41] , knife cuts [27] , or electrical stimulation [24, 25] , have all demonstrated the inhibitory influence exerted by the MPOA on the display of lordosis in rodents.
Regarding the pubertal activation of the hypothalamicpituitary-ovarian axis, we hypothesized that as in rats [29] [30] [31] [32] , lesions of the MPOA would accelerate vaginal opening and first ovulation. Our data suggest the exact opposite; vaginal opening was significantly delayed in the MPOAlesioned animals. The fact that the MPOA-lesioned females were both older and heavier at vaginal opening than the non-lesioned groups argues against the idea that the delay in puberty is a result of growth stunting or low body weight. Since vaginal opening in the MPOA-lesioned females occurred at approximately the same age that vaginal closing was observed in the non-lesioned animals, it is likely that first ovulation, too, was delayed in the MPOA-le- sioned animals as compared to the control groups since ovulation usually occurs within 1-2 days following vaginal opening (as we observed in the second experiment). Once first vaginal opening and closing occurred, however, the number of corpora lutea in the ovaries of the animals in the three treatment groups did not differ, suggesting that ovulation proceeded normally in all groups. These data raise a number of interesting issues. As shown in the sham-lesioned females, first ovulation appears to precede the ability of most animals to display steroid- induced reproductive behavior. This may be reminiscent of puberty in ewe lambs in which the first ovulation is "silent," i.e., not accompanied by behavioral estrus, because exposure to progesterone from the luteal phase following first ovulation primes the animal to come into heat in time for the second ovulation [43] . We feel this is not true for guinea pigs, since females exposed to repeated cycles of estradiol and progesterone do not display adult-typical reproductive behavior any earlier than females injected with steroid hormones and tested once at various ages [10] . Second, the role of the MPOA in the pubertal initiation of cyclicity in guinea pigs appears to be the opposite of its role in rats. MPOA/anterior hypothalamic lesions accelerate vaginal opening and first ovulation in rats [29] [30] [31] [32] , whereas we found that electrolytic lesions delay vaginal opening in guinea pigs. This discrepancy may be due to the precise location and/or size of lesion, but it is probably not due to the methods used to produce the lesions. Radiofrequency lesions and those generated by passage of electrical current through stainless steel electrodes (i.e., the methodology used in our study) both accelerate puberty in rats [29] [30] [31] [32] . Thus, there may be a true species difference in the influence of the MPOA on the initiation of estrous cyclicity in rats and guinea pigs. Certainly, the neural control of ovarian cyclicity differs markedly in these two species, with guinea pigs being similar to primates in certain respects. Guinea pigs have a 16-day estrous cycle with a true luteal phase [35, 36] , and cyclicity is sustained following the surgical generation of hypothalamic islands that separate the POA from the mediobasal hypothalamus [44, 45] , similar to what occurs in nonhuman primates [46] . Rats ovulate every 4-5 days, do not have a luteal phase, and require an intact connection between the POA and mediobasal hypothalamus to sustain normal estrous cyclicity [47] . Furthermore, in guinea pigs, the LHRH neurons found in the arcuate nucleus provide the primary input to the median eminence, which is responsible for cyclic gonadotropin secretion [48] [49] [50] . In rats, most of the LHRH neurons are in the septum and POA, not in the mediobasal hypothalamus [51] .
A third goal of these experiments was to determine whether lesions of the LS produce effects on the display of progesterone-facilitated lordosis and the onset of estrous cyclicity similar to those observed following MPOA lesions. This hypothesis was based on data in adult rats, in which similar effects of MPOA and septal lesions (and knife cuts severing connections between the two regions) on reproductive behavior have been observed [26, 27] . Furthermore, neurons originating in the septum project to and through the MPOA in guinea pigs [52] . We saw no enhancement of sexual behavior in LS-as compared to shamlesioned animals, but these data must be interpreted with caution because an unexpectedly high percentage (50%) of sham-lesioned, OVX females displayed progesterone-facilitated lordosis. The reason for the relatively high response rate in the sham-lesioned females is not readily apparent; perhaps the septum is exceptionally susceptible to minor damage. Other investigators have reported that placement of electrodes through the cingulate gyrus into the LS (without passing electrical current) can result in the facilitation of steroid-induced lordosis in rats [53] . Overall, however, our data indicate that septal lesions do not mimic the effects of MPOA lesions with regard to the pubertal activation of the hypothalamic-pituitary-ovarian axis or the development of behavioral responsiveness to steroid hormones in guinea pigs. Kainic acid-induced lesions of the medial septum in immature rats delay vaginal opening and result in aberrant cyclicity; but a decelerated growth rate, rather than the septal lesions per se, may have been responsible for the delay in vaginal opening [34] . Moreover, the abnormal vaginal smear patterns indicate that septal lesions generated in this fashion may permanently disrupt normal estrous cyclicity in rats.
The mechanisms underlying the influence of MPOA/anterior hypothalamic activity on the development of reproductive function in guinea pigs are not known. We can say that the relevant neural pathways appear not to exit or enter the MPOA from or through the septum. Guinea pig MPOA neurons project to the ventrolateral hypothalamus and periaqueductal gray [54, 55] , important sites for the behavioral actions of steroid hormones in rodents [56] [57] [58] . There are also projections from the MPOA/anterior hypothalamus to the arcuate nucleus and median eminence [55, 59] where the activity of LHRH neurons controlling estrous cyclicity in this species might be modulated.
If lower concentrations of hypothalamic steroid hormone receptors contribute to juvenile guinea pigs' behavioral hyporesponsiveness to estradiol and progesterone [11, [14] [15] [16] , it is tempting to hypothesize that MPOA lesions may increase the concentrations of estrogen receptors or estrogeninduced progestin receptors in these regions. Our preliminary data suggest that MPOA lesions do not increase the concentration of hypothalamic estrogen receptors in juvenile guinea pigs [60] . Opiate receptor blockade also allows immature guinea pigs to respond behaviorally to estradiol and progesterone [17] , and in guinea pigs the MPOA contains opiate receptors [61] . Destruction of the MPOA may remove the inhibitory influence of endogenous opiates on the display of lordosis. While this is an attractive hypothesis, it has yet to be tested experimentally.
In summary, we have demonstrated that lesions of the MPOA/anterior hypothalamus in juvenile guinea pigs enhance the display of progesterone-facilitated sexual receptivity. These data indicate that neural activity originating in or traversing this region may tonically inhibit behavioral responsiveness to estradiol and progesterone during the prepubertal period. Furthermore, destruction of the MPOA also results in a significant delay in the maturation of the hypothalamic-pituitary-ovarian axis. The mechanisms underlying these seemingly contradictory actions of MPOA lesions on the pubertal development of these two important aspects of reproductive function remain to be elucidated.
